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Chemical defences are an anti-predatory strategy involving the accumulation of 
compounds that case harm, discomfort or are unpalatable to predators. Many 
chemical defences are acquired through sequestration, in which plant secondary 
metabolites are consumed by tolerant prey and repurposed for prey defences. The 
mountain katydid (Acripeza reticulata) is a putatively chemically defended insect 
which exhibits a deimatic display. Traditionally, deimatism is considered to be a bluff, 
however this definition would be challenged if the mountain katydid possessed a true 
chemical defence. In this study I aimed to determine if compounds associated with 
chemical defences were found in the mountain katydid’s abdominal exudate. I 
analysed this exudate, as well as katydid regurgitate, faeces and Senecio diet using 
gas-chromatography mass-spectrometry (GC-MS). In both the abdominal exudate 
and the Senecio plants I detected pyrrolizidine alkaloids (PAs) – chemical defence 
compounds found in many insect and plant species. The types of PA present were 
not significantly different between the plant and the exudate, and PAs were generally 
not excreted through the katydid’s faeces, suggesting that sequestration was 
occurring. Future studies on the katydid’s chemical defence would require the 
identification of the PAs in both the Senecio diet, and the exudate. Finally, taste 
aversion experiments are necessary to definitively determine if the function of these 
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 Predation is a powerful selective pressure that drives evolutionary change in 
prey species (Edmunds 1974). It is very costly for individuals to succumb to 
predation, and therefore organisms have developed a wide range of anti-predatory 
defences to maximise their chances of surviving to reproduction (Edmunds 1974). 
One such defensive strategy is that of chemical defence, in which prey species are 
protected by compounds which cause harm, discomfort, or are unpalatable to 
potential predators (Skelhorn & Rowe 2006). There is great diversity in the 
compounds utilised in chemical defences. These include cardenolides, iridoid 
glycosides, quinolizidine alkaloids and pyrrolizidine alkaloids to name just a few 
(Nishida 2002). 
 
1.1 The Mountain Katydid – Deimatic and Chemically Defended? 
 The mountain katydid (Acripeza reticulata) is an intriguing insect from eastern 
Australia whose antipredator strategy challenges the conceptual boundaries of anti-
predator defences. The mountain katydid (Figure 1) possesses a conspicuous blue, 
red and black abdominal display that is accompanied by a bitter–tasting exudate that 
is putatively chemically defended (Umbers & Mappes 2015). Ordinarily, such an 
association might simply be identified as a case of aposematism – in which 
conspicuous signals are associated with unprofitability. Unlike in aposematic species 
however, the mountain katydid’s abdominal display is not always visible. 
Inconspicuous at rest, the katydid will only reveal its display, concealed under its 
wings, after a strong tactile stimulus such as that of a predatory attack. This rapid 
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transition from low to high conspicuousness led Umbers and Mappes (2015) to 










The mountain katydid is known to consume the commonly chemically 
defended Senecio plant (Umbers et al. unpublished data). Many species of Senecio 
produce a group of compounds known as pyrrolizidine alkaloids (PAs), which are 
defensive secondary metabolites (Hartmann & Witte 1995). These PAs are a likely 
candidate for the composition of the katydid’s apparent chemical defence and will be 
the focus for this study. In addition to the abdominal exudate, the mountain katydid 
will also reflexively regurgitate the content of its crop when startled, an adaptation 
shared across the orthopterans as an anti-predatory reflex (Lymbery & Bailey 1980, 
Schowalter 2018). 
Figure 1: A female mountain katydid (Acripeza reticulata) at rest (left) and 
revealing abdominal display (right). Photo: Brendan Baker. 
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1.2 The Biochemistry of Pyrrolizidine Alkaloids 
Pyrrolizidine alkaloids (PAs) are a large group of hepatotoxic compounds well 
known for their role as anti-herbivory secondary metabolites in many plants 
(Mattocks 1968). They are predominantly found in several genera of Orchidaceae, 
Fabaceae and Boraginaceae families, and of the Eupatorieae tribe and Senecio 
genera of Asteraceae (Hartmann & Witte 1995). PAs are highly toxic to most 
vertebrates (Mattocks 1968, Aniszewski 2007), and some invertebrates (Frei et al. 
1992). 
In Senecio species, PAs are produced as non-toxic N-oxide isoforms, which 
are unstable and readily reduced into toxic free bases during digestion by herbivores 
(Lindigkeit et al. 1997). Common among Senecio species, PAs are produced by the 
synthesis of senecionine N-oxide in the roots of the plant (Hartmann and Toppel 
1986), which is then transported to the shoots. Senecionine N-oxide are then 
transformed into a vast variety of different PAs (Hartmann and Dierich 1998), each 
Senecio species characterised by a unique composition of PAs (Hartmann & Witte 
1995). PAs are accumulated in the flowers of Senecio 10 to 30 times the 
concentration of PAs in other plant tissues (Hartmann & Zimmer, 1986).  
Once consumed by herbivores, the transformation of non-toxic N-oxides to 
toxic free bases is conducted by microsomal cytochrome P-450 oxidase, which is 
concentrated in the lungs and liver of vertebrates. Normally, this enzyme removes 
foreign material by transforming them into metabolites that can be filtered out of the 
body (Mattocks 1986; Lindigkeit et al. 1997). This P-450 activity is involved in the 
bioactivation of these PAs, which are then absorbed into the body. Once in their free 
base form, these alkaloids methylate proteins and nucleic acids, disrupting normal 
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cell activity and causing DNA mutations (Wiedenfeld & Edgar 2011). Insects known 
to be resistant to PAs have been found to exhibit N-oxidation mechanisms that 
maintain these PAs in their non-toxic form, before being rapidly and efficiently 
passed in their faeces (Narberhaus et al. 2003). An example of PA-tolerant, non-
sequestering insect is the generalist Spodoptera littoralis (Lindigkeit et al. 1997). 
 
1.3 Sequestration of Pyrrolizidine Alkaloids 
Some insects have developed not only to be tolerant to these PAs, but also to 
accumulate them for their own utilisation. The consumption of plant secondary 
metabolites and their subsequent deployment in chemical defence is a process 
known as sequestration (Duffey 1980; Nishida 2002). Examples of insects that 
sequester PAs are monarch butterflies which sequester cardenolides (Malcolm & 
Brower 1989), and arctiid moths, some of which sequester PAs (Nickisch-Rosenegk 
& Wink 1993). However, not all chemical defences are derived from the 
sequestration of plant metabolites. Some insects can synthesis their defensive 
compounds de novo (Blum 1987; Nishida 2002). Recently the wood tiger moth 
(Arctia plantaginis) has been found to possess two, distinct chemical defence fluids 
targeted towards different predators (Rojas et al. 2017), of which at least one was 
shown to be obtained through de novo synthesis of the defensive compounds 
(Burdfield-Steel et al. 2018). 
 
1.4 Aposematism – the Advertisement of Chemical Defences 
Insects that sequester PAs tend to be aposematic – that is they advertise their 
unprofitability as prey to predators through conspicuous displays, sounds and odours 
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(Mappes, Marples & Endler 2005). An example of aposematism includes the 
cinnabar moth (Tyria jacobaeae), which exhibits bright colouration contrasting to its 
environment both as an adult (Figure 2a), and during larval stages (Figure 2b) 
(Rothschild et al. 1979). The cinnabar moth also consumes Senecio and sequesters 
PAs as a chemical defence. Predators learn to recognise these conspicuous signals 








1.5 Deimatism – the Frightening Strategy for Survival 
Aposematic signals tend to be static, in that unprofitability signals are always 
on display to potential predators. This ensures that the prey is not mistaken as 
palatable by the predator, often as a trade-off for camouflage (Sheratt & Beatty 
2003), which is a cost that deimatic species can negate by concealing their displays. 
On the other hand, some anti-predator strategies are dynamic, in which rapid 
changes in state can elicit a fear reaction in predators – such as with deimatism. 
Figure 2: The cinnabar moth (Tyria jacobaeae) exhibits striking colouration that 
contrasts strongly with its surrounding as both an adult (a) and larvae (b). The cinnabar 
moth is also chemically defended – an association of the anti-predatory strategy of 
aposematism.  
Photo (left): Charles J Sharp, distributed under a CC BY-SA 4.0 licence.  
Photo (right): Stu’s Images, distributed under a CC BY-SA 4.0 licence. 
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Deimatism – also known as deimatic displays, or startle displays, involve the rapid 
exposure of conspicuous displays, sounds or movements against predators 
(Edmunds 1974). For example, juvenile cuttlefish (Sepla officinalis L.) have been 
identified to utilise dynamic visual signals to produce high contrast eye spots when 
under threat by predators (Langridge, Broom & Osorlo 2007). While aposematism 
often involves predator avoidance learning to associate a signal with an unprofitable 
experience (Endler & Mappes 2004), deimatism can act on a predator’s innate 
aversion to sudden or unexpected sensory input (Umbers et al. 2018). 
Historically deimatic displays were considered to be utilised by the 
undefended - as their displays and behaviours were bluffs (Edmunds 1974). For 
example, three Australian species of praying mantis; Archimantis latistyla, Hierodula 
majuscula and Pseudomantis albofimbriata produce highly complex threatening 
displays when confronted by a predator, however are completely palatable for 
predators to consume (O’Hanlon et al. 2018). In addition, peacock butterflies (Inachis 
io) possess large intimidating eyespots which are obscured at rest, however, are 
revealed to predators after being disturbed (Vallin et al. 2005). The peacock butterfly 
is similarly undefended – its deimatic display a bluff. A less conventional example of 
deimatism can be found in Australia’s undefended blue-tongued lizard (Tiliqua spp.), 
which is inconspicuous at rest, and reveals a large, blue expandable tongue when 
threatened (Badiane et al. 2018). 
As more examples of deimatism were studied, there emerged species where 
deimatic species were also accompanied with a true defence. The lantern fly 
(Lycorma delicatula) is a hemipteran which exhibits a concealed deimatic display 
which is revealed when under threat. Unlike the previous examples however, the 
lantern fly is unpalatable to predators, likely sequestering cytotoxic alkaloids from its 
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diet (Kang et al. 2016). In addition, several genera of Asian Salamanders 
(Salamandridae) are chemically defended and exhibit threatening postures that 
accentuate their toxic granular glands when antagonised (Brodie, Nussbaum & 
DiGiovanni 1984). 
 Should the mountain katydid possess a true chemical defence, then this adds 
another example in a growing list of deimatic species which do not display a bluff to 
predators. This would challenge the traditional definitions of deimatism and would 
require the redefinition of this widespread anti-predatory strategy. Whilst many 
assumptions have been made on the defensive role of the mountain katydid’s 
abdominal exudate, little research has been conducted in determining its 
composition and function. Cable and Nocke (1975) isolated the presence of s-Butyl 
ß-D-glucopyranoside in the katydid’s exudate and assumed that it relates to a 
defensive function. They also anecdotally suggest that there may be other 
unidentified compounds contributing to the exudate’s bitter taster. No further 
research has occurred since on the chemical composition of this exudate, which 
must be explored before we can accurately understand the nature of the mountain 
katydid’s anti-predatory defence.  
 
1.6 Aims and Predictions 
 This study had two primary aims. First, I aimed to determine whether 
defensive compounds were present in the abdominal exudate of the mountain 
katydid. I predict that the katydids sequester the defensive compounds found in the 
chemically defended Senecio. It was expected that PAs will be detected in both the 
Senecio plants of the katydid’s diet, and of the exudate, and that these would be the 
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same PA compounds. Secondly, to better understand the synthesis and disposal of 
these compounds, I also analysed the mountain katydid’s reflexive regurgitate and 
faeces. I predicted that the regurgitate, while an anti-predatory defence in most 
orthopterans, would not contain PAs as these compounds are more likely to be 
reduced if stored in the digestive enzymes of the crop. Finally, I predicted that faecal 
matter is unlikely to possess PAs, as these compounds would most likely be 
incorporated into the chemical defences of sequestering insects, as opposed to 
being excreted as waste. If PAs are prevalent in faecal matter but absent in the 
exudate, then this would suggest that although tolerant to PAs, sequestration is not 
occurring. To address these questions, I sampled mountain katydids from a South-
East Australian alpine site and collected and analysed chemical samples from the 
abdominal exudate, regurgitate, faeces and plant material. 
 
2. MATERIALS AND METHODS 
2.1 Natural History 
 The mountain katydid (Acripeza reticulata) is a large invertebrate located 
across the montane regions of South-Eastern Australia (Rentz, 2010). Mountain 
katydids are cryptic at rest, however after tactile stimuli will reveal a highly 
conspicuous anti-predatory signal beneath its wings on its abdomen (Umbers & 
Mappes, 2015). This display is accompanied by an abdominal secretion – or 
exudate, which is bitter-tasting and hypothesised to possess a defensive function 
(Cable & Nocke, 1975). Common among other orthopterans, the mountain katydid 
will also regurgitate the contents of its crop if disturbed (Green & Osbourne, 1994). 
Females are flightless, slow and stout, whereas males are slender and capable of 
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flight (Rentz, 2010). Larvae emerge early to mid-December, becoming fully mature in 
early February (Green & Osbourne, 1994). Mountain katydids are well known to 
consume various species of Senecio, a weedy plant often chemically defended by 
PAs (Hartmann & Witte 1995). Mountain katydids are known to be located at Mt. 
Stirling, Victoria, Australia, where at least two species of Senecio occur; S. 














Figure 3: Field site at Mt. Stirling, Victoria, Australia, overlooking a field 
of S. linearifolius with a female mountain katydid in the foreground. 
Photo: Brendan Baker 
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2.2 Sample Collection 
Mountain katydids and plant material were sampled from Mount Stirling, 
Victoria, Australia (Figure 3) in March-April of 2019. The field site was located along 
Stonefly Trail, at co-ordinates -37.14376, 146.49381, and an elevation of 1432m. A 
total of 50 individual katydids were collected, including 37 females, and 13 males. 
Individual katydids were located within the field site. Individuals were selected if they 
were sitting on a particular plant – and were ignored if they were walking across 
ground cover or leaf litter (ie. ‘in transit’). Katydids were then observed for a total of 
ten minutes to ensure they were interacting with that particular plant – hereby known 
as it’s ‘substrate plant’. If the katydid consumed any portion of the substrate plant for 
this duration, the behaviour was photographed and recorded. Additional photographs 
of the katydid on the substrate plant were collected before interacting with the 
katydid. Katydids were then ‘attacked’ by securely pinching them either side of the 
pronotum with the thumb and index finger, abdomen facing away from the hand. This 
posture was maintained for the duration of the katydid’s handling in order to 
standardise the effect of attack between katydids (Umbers & Mappes 2015). The 
handling of katydids was practised prior to sampling to ensure consistent pinching 
pressure and was performed by one individual for the duration of the sampling. It 
was recorded if any katydids were dropped, or if the initial attack failed to secure the 
katydid in the handling position. Photographs of the katydid’s displaying abdomen 
were collected with a tape measure for scale. Katydid body size was recorded by 
measuring along the dorsal length of the pronotum, and by weighing the katydid on a 
set of scales. Any signs of injury to the katydid by a potential predator were noted 
and photographed. Signs of injury were determined to be missing limbs or damage 
to the wings.  
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 2.2.1 Exudate Sampling 
The katydid’s exudate was collected with a solid phase microextraction 
(SPME) fibre. The fibre used consisted of a fused silica core with a 7µm 
polydimethylsiloxane (PDMS) coating. The exudate was sampled by immersing the 
fibre into individual droplets on the third black abdominal band from the base of the 
wings. Each of these ‘bands’ were determined to end with the dorsal-lateral line of 
blue dots of the abdominal display (Figure 4). Fibres were immersed for a total of five 
seconds, rotating and moving the fibre to ensure complete exposure to the fibre. The 














Second Abdominal Band 
Third Abdominal Band 
Figure 4: The abdomen of a displaying mountain katydid, showing 
how abdominal bands were scored and sampled from. 
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Additional exudate was collected from each individual using a 4x4mm square 
of filter paper. This was conducted on the second abdominal band to ensure sample 
separation from the SPME fibres. The filter paper was grasped using forceps on one 
edge, and each of the three remaining edges were immersed into three separate 
droplets to absorb the sample. Once the three droplets were depleted, or the filter 
paper saturated, the filter paper was transferred to a 2ml glass vial. 
 
2.2.2 Plant Sampling 
The identification of the substrate plant was obtained, along with its total 
height and width. The length of three randomly selected leaves was also obtained. 
The proportion of dead, mature and young leaves was determined from the plant and 
was recorded alongside whether the plant was flowering. Photographs of the whole 
plant was collected from vertical and lateral views, alongside any flowers visible, and 
the three random recorded leaves. All photographs included a tape measure of 
scale. The total plant was then broken down into a 10ml falcon tube for 
transportation by removing the stem. 
 
 2.2.3 Regurgitate Sampling 
The katydid’s reflexive regurgitate was collected using a 75mm glass non-
heparinised capillary tube as it collected around the katydid’s mouth. Once the 
katydid ceased vomiting, the amount of collected regurgitate in the capillary tube was 
measured with callipers. This was dispensed into a 2mL glass vial using a pipette 
sealed against the end of the capillary tube. 
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 2.2.4 Faeces Sampling 
After all prior sampling, the katydids were transferred to individual containers 
to collect their faeces. These containers were sterile and covered with insect 
screening to ensure adequate air flow. Katydids were starved and provided with 
ample access to water, in the form of soaked cotton balls. After 24 hours the 
katydids were transferred to individual 40cm mesh cylinders, 10cm in diameter. 
Once in these cylinders, the katydids had ample access to water and a fresh supply 
of Senecio linearifolius for food. The katydid’s droppings were obtained from their 
original containers, which were weighed and transferred to a 2mL glass vial. 
 
 2.2.5 Sample Storage and Transportation 
All samples, excluding the SPME fibres, were then stored in a dry shipper for 
transportation. The dry shipper had a 3.7L capacity and was charged with liquid 
nitrogen the day prior to sample collection. Samples were stored in the dry shipper 
up to a maximum of four days before being permanently stored in a -20°C freezer. 
 
2.3 Alkaloid Extraction 
 2.3.1 Extraction Protocol Trials 
 The extraction protocol for pyrrolizidine alkaloids was adapted from the 
methods used by Gardner et al. (2006). As this method does not detail how samples 
were dried, methods of oven-drying and freeze-drying plant material were trialled. 
While oven-dried plant material was prepared much quicker, it was decided that all 
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samples would be freeze-dried as it limited the amount of handling of the different 
sample types. Samples were ground in a mortar and pestle in place of a sample mill. 
 
2.3.2 Pyrrolizidine Alkaloid Extraction Protocol  
 All samples were run through the following extraction protocol, excluding the 
exudate absorbed in SPME fibres. Samples were freeze-dried for 48 hours at 
0.017mbar. Once completely dry, samples were ground into a fine powder using a 
mortar and pestle. The amount of dry, ground material was measured using a set of 
scales (Mettler Toledo, NewClassic: MS204S). Up to a total of 0.200g was used for 
the remainder of the extraction. Ground material was transferred to a 10ml glass 
tube for extraction. 4 mL of chloroform (CHCl3) and 4 mL of 1N hydrochloric acid 
(HCl) was added to the glass tubes. Samples were spun in a Stuart SB3 mechanical 
rotator for one hour to completely mix the solutions. Samples were centrifuged in a 
Thermoline Scientific Centurion centrifuge at 3,600 rpm for 15 mins to separate the 
phases. The upper, acidic phase was carefully extracted using a glass Pasteur 
pipette, and transferred to a new tube. Another 2 mL of 1N hydrochloric acid was 
then added to the original tube. This was mixed for 15 mins in the mechanical 
rotator, centrifuged for 15 mins, and the upper phase combined with the first extract. 
Approximately 100mg of zinc dust was added to the acidic phase extract of each 
sample and mixed in the mechanical rotator for three hours to reduce the N-oxides. 
The samples were centrifuged for 15 mins, and the supernatant transferred to a third 
tube. Approximately 42 drops of ammonium hydroxide (37%) was added to each 
sample to raise the pH to 9-10. 4 mL of chloroform was added to each sample, which 
were mixed for 15 mins, and centrifuged for another 15 mins. The lower, chloroform 
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layer was extracted with a Pasteur pipette and transferred to a fourth tube. A further 
2 mL of chloroform was added to the alkaline phase from the third tubes, which was 
mixed for 15 mins, and centrifuged for another 15 mins. The lower chloroform phase 
was extracted and combined into the fourth tubes. All samples were then evaporated 
to dryness at 50°C under a stream of nitrogen gas in a Techne Sample 
Concentrator. Once completely dry, 2 mL of chloroform spiked with 50ppm methyl 
stearate was added to the tubes as an internal standard. The tubes were vortexed at 
high speed for 30 secs and transferred to 2 mL glass sample tubes. All completed 
samples were stored at -20°C until GC-MS analysis. 
 
 2.3.2 Standards and Solutions 
All standards and solutions were purchased from Sigma-Aldrich (St. Louis, 
MO, USA). Reagents included >99.5% chloroform (with 100-200ppm amylenes as a 
stabiliser), 37% hydrochloric acid solution, 28-30% ammonium hydroxide solution, 
and >99.9% zinc purum powder. Standards included >99.5% methyl stearate 
analytical standard to be used as an internal quantification standard, and >98% 
senecionine analytical standard to be used as a reference alkaloid. Senecionine was 
selected as the analytical standard due to its common occurrence in species of 
Senecio (Hartmann 1999), and preliminary sampling returned senecionine as a likely 
compound for several of the peaks detected in the exudate. A 100ppm stock solution 
of the internal standard was produced by adding 14.8mg of methyl stearate per 
100mL of chloroform. This was then diluted down to 50ppm for use in the extraction 
protocol. To make the senecionine analytical standard, 1mL of chloroform containing 
50ppm methyl stearate was added to a 5mg vial of pure senecionine crystals, and 
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vortexed gently to ensure the stock was completely dissolved. This solution was then 
added to 9mL of chloroform to dilute the solution to 337.84ppm. 2.96mL of this 
solution was then diluted with 7.04ml chloroform to produce the 100ppm stock of 
senecionine. All chloroform used in the senecionine analytical standard contained 
50ppm methyl stearate. A series dilution of the 100ppm senecionine stock solution 
was produced including 50ppm, 25ppm and 10ppm concentrations. These dilutions 
correspond to absolute concentrations of 148 µg/mL, 74 µg/mL, 37 µg/mL, and 14.8 
µg/mL. 2µL of each senecionine standard dilution was analysed using Gas-
Chromatography Mass-Spectrometry (GC-MS) using an Agilent 7890A GC system 
and an Agilent 5975C MS system. Standards were run using splitless mode. The GC 
was equipped with an Agilent HP-5MS column (30 m x 250 µm x 0.25 µm) coated 
with 5% phenyl methyl silox, using hydrogen gas as a carrier agent at 1.2mL/min. 
Standards were injected at 50°C, which was held for two minutes, before being 
raised by 5°C per minute until reaching 325°C. The MS scanned between 60-650 
m/z with a three-minute solvent delay. The standards were then sampled again using 
a 7µm PDMS SPME fibre immersed in the solution for 30 mins, however the GC-MS 
failed to detect either the internal standard, or the senecionine standard. The 
100ppm and 50ppm dilutions were therefore evaporated to dryness at 50°C under a 
flow of nitrogen gas. The walls of the dry vial were then sampled with the SPME 
fibre, by encircling the sides three times. The fibres were analysed again using the 
same GC-MS protocol to account for the standard in both chemical injection and 





2.4 GC-MS Analysis 
 2.4.1 Analysis of SPME Fibres 
 The exudate sampled with SPME fibres was analysed using the same GC-MS 
parameters used above. All SPME fibres were analysed a maximum of five days 
from the date of collection. 
 
 2.4.2 Analysis of Extraction Protocol Samples 
 The exudate absorbed in filter paper squares, regurgitate, faeces, plant 
leaves and plant flower samples were also analysed using the GC-MS parameters 
used above. Before every day of analysis, the GC-MS was tuned, and a blank of 
chloroform, followed by chloroform spiked with 50ppm methyl stearate were run 
through the GC-MS method. 
 
2.5 Data Analysis  
 2.5.1 Differences Between Exudate Sampling Methods 
 The exudate of the katydids were sampled using two different methods; 
absorption in SPME fibres, and absorption into filter paper squares. After running all 
samples through GC-MS analysis, the detected peaks were analysed using the 
package GCalignR (Ottensmann et al. 2018) in R (R Core Team 2017), conducted in 
RStudio (RStudio Team 2015). The samples were aligned using the 
align_chromatograms function to score the detected peaks into comparable 
‘substances’. A maximum linear frame shift of 0.35 mins was set to account for the 
variation in retention times in SPME samples. The maximum distance of a peak from 
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the mean between samples was set to 0.5 mins, splitting up peaks that exceeded 
this threshold. The minimum distance between peaks was set at 0.35 mins, 
combining peaks that did not meet this threshold. Non-metric multidimensional 
scaling (NMDS) was then performed using the metaMDS function in the vegan 
package (Oksanen et al. 2015) in R to plot the spread of the peak variance in two-
dimensional space. A permutational multivariate analysis of variance 
(PERMANOVA) was finally conducted using the adonis function in the vegan 
package to determine the significance of the spread described in the NMDS plot. 
 
 2.5.2 Identification of Peaks as PAs 
After confirming the presence of the methyl stearate internal standard in each 
chromatogram, each detected peak was manually scanned for its mass spectra. The 
mass spectrum of the various PAs found in the NIST library were too similar to each 
other to confidently identity specific peaks in the samples. Peaks were therefore 
scored as a PA given that they possessed at least three key ions shared by PA 
compounds; ions 94, 120 and 136. 
 
 2.5.3 Quantifying the Presence of PAs by Sample Type 
 To test the probability of a PA being present, a generalised linear model 
(GLMM) was conducted with PA presence as a response variable, sample type as 
the fixed effect and individual katydid as the random effect. Exudate samples were 
analysed from filter paper squares, as these followed the same extraction protocol as 
the other sample types. This was completed using the glm function in the lme4 
(Bates et al. 2015) R package. The regurgitate samples were omitted from the model 
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as they did not vary in the presence of PAs. Multiple pairwise comparisons were 
conducted to see the individual responses of sample type to PA presence using the 
glht function in the multcomp R package (Hothorn, Bretz & Westfall 2008). 
 
 2.5.4 Differences between the PA profile by Sample Type 
 The detected peaks from the five sample types (exudate, regurgitate, faeces, 
plant leaves and flowers) were analysed using the package GCalignR in R. The 
samples were aligned using the align_chromatograms function to score the detected 
peaks into comparable ‘substances’. All PA peak abundances were corrected by 
dividing the recorded peak size by the abundance of the internal standard peak. A 
maximum linear frame shift of 0.35 mins was set. The maximum distance of a peak 
from the mean between samples was set to 0.3 mins, splitting up peaks that 
exceeded this threshold. The minimum distance between peaks was set at 0.2 mins, 
combining peaks that did not meet this threshold. Samples run through the extraction 
protocol produced more reliable and stable peaks than SPME GC-MS results, 
allowing for smaller thresholds. After the scoring of the different substances, NMDS 
was performed using the metaMDS function in the vegan package in R to plot the 
spread of the peak variance in two-dimensional space. A PERMANOVA was finally 
conducted using the adonis function in the vegan package to determine the 







A total of 50 individual mountain katydids were sampled from Mt. Stirling. Thirty-
seven of these individuals were females, and 13 were males. From each katydid I 
aimed to sample the exudate using both the SPME fibre and squares of filter paper, 
regurgitate, faeces, and both the leaves and flowers from the plant the katydid was 
found on. Not every sample was collected due to sample unavailability, leading to a 
total sample size of N = 214 (Table 1).  
Table 1: Summary of the different sample types collected, analysed and run, 
including the number of PAs detected across sample types. 




















47 47 47 25 
Regurgitate 39 38 38 0 
Faeces 34 34 34 3 
Plant leaves 38 35 35 7 
Plant flowers 20 20 20 8 
 
3.1 Internal and Analytical Standards 
 Methyl stearate was used as an internal standard to be added to the samples 
run through the extraction protocol. A series dilution described in the methods was 
conducted, and the 50ppm dilution of methyl stearate was selected for the rest of the 
protocol due to the reliability of the peak, and its peak size being closer to the 
sample peaks from trials of the protocol. The methyl stearate standard had a 
consistent retention time of 28.4 mins (Figure 5a). The internal standard was also 
used to confirm that each GC-MS run was successful. Every sample with methyl 
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stearate added was run through GC-MS and produced a large, clean peak around 
28.4 mins. This peak was then confirmed to be methyl stearate by comparing its 
mass spectra to the NIST library. The analytical standard used was senecionine. A 
series dilution was made of 100ppm, 50pm, 25ppm and 10ppm suspended in 
chloroform containing 50ppm methyl stearate. The senecionine standard had an 








3.2 Is there a difference between sampling methods of exudate? 
 The katydid’s abdominal exudate was sampled using two methods; a SPME 
fibre capturing the ‘native’ form of the exudate chemical profile, and a filter paper run 
through the alkaloid extraction protocol. The exudate of 36 katydids was sampled 
with a SPME fibre, and 47 katydids with the filter paper squares. Of these, 34 
katydids had both a SPME and a filter paper sample. Twenty-four of these katydids 
possessed a PA in both the fibre and the square, whereas 10 katydids possessed a 
PA in the fibres, but not in the squares. The peaks were aligned (Figure 6), and the 
Figure 5: GC-MS results of internal standard (50ppm methyl stearate (a)) and 
analytical standard (100ppm senecionine (b)) 
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NMDS was performed to determine significant differences between sampling 
methods, represented in two-dimensional space (Figure 7), in which both sampling 
methods occupy distinctly different space. These were determined to be significantly 





































Figure 6: Heatmap of shared PA peaks detected between SPME fibres and filter 



















Table 2: Results from the permutational multivariate analysis of variance on the 
different sampling methods of the exudate (SPME fibres and filter paper squares) 
containing PAs.   
Df Sum Sq Mean Sq F value Pr(>F) 
Effect of Sampling Method 1 0.177 0.177 10.033 0.003 
Residuals 55 0.972 0.018 
  
Figure 7: Scatterplot of SPME fibres and filter squares with PAs present 
analysed using non-metric multidimensional scaling. MDS1 represents 
variability in peak abundance, and MDS2 represents variability in peak 
retention time.  
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3.3 In which sample types were pyrrolizidine alkaloids present? 
 A total of 79 samples contained substances identified to be a PA. Of the total 
of 50 insects sampled, the exudate of 47 katydids was collected in filter paper 
squares. Twenty-five of these exudate samples contained PAs. Regurgitate from 38 
katydids were analysed and none contained PAs. Faecal matter was analysed from 
34 individuals, three of which contained PAs. A total of 35 leaf samples were 
analysed, of which seven contained PAs. Twenty plants had flowers, which were all 
analysed and eight contained PAs.  
The GLMM results predicted the following chances of a PA being present 
among the sample types; 76% in the exudate, 32% in the plant flowers, 18% in the 
plant leaves and 6% in the faecal matter (Figure 8). There were significant 
differences in the occurrence of a PA between the exudate and plant leaves, 
between the exudate and katydid faeces, and between plant flowers and katydid 
faeces (Table 3). The strongest interaction was between the exudate and the faeces, 
the former of which was four times as likely to possess a PA. There were no 
differences between the exudate and plant flowers, plant leaves and plant flowers, 






















Table 3: Multiple pairwise comparisons between sample types for the chances of a PA 
being present.   
Estimate Std. Error Z value P (>|z|) 
Exudate - Leaves -2.662 0.748 -3.561 0.002 
Exudate - Flowers -1.614 0.749 -2.156 0.133 
Exudate - Faeces -4.006 0.986 -4.063 < 0.001 
Leaves - Flowers -1.05 0.730 -1.436 0.471 
Leaves - Faeces -1.344 0.831 -1.618 0.363 
Flowers - Faeces -2.392 0.910 -2.629 0.042 
Figure 8: Predictions of a PA being present across the different 
sample types from the generalised linear model. 
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3.4 Did samples containing pyrrolizidine alkaloids differ from one 
another in retention time variation and peak size? 
The peaks of the different sample types (exudate, regurgitate, faeces, leaves 
and flowers) were aligned (Figure 9), and then the NMDS was conducted. All sample 
types occupied very similar space on the scatterplot (Figure 10), with the exudate 
exhibiting the greatest variability. There was a marginally non-significant difference 



































Figure 9: Heatmap of shared PA peaks detected in each sample after peak 
















Table 4: Results from the permutational multivariate analysis of variance on the 








Effect of Sample Type  3 1.09E-11 3.64E-12 2.5672 0.165 0.063 












Figure 10: Scatterplot of different sample types with PAs present analysed using 
non-metric multidimensional scaling. MDS1 represents variability in peak abundance, 




In this study I firstly aimed to determine whether defensive compounds were 
present in the abdominal exudate of the mountain katydid. I predicted that as 
katydids are known to eat the commonly chemically defended Senecio plant 
(Umbers et al. unpublished data), they likely sequester the defensive compounds 
found in the plant. Many species of Senecio are known to possess pyrrolizidine 
alkaloids (PAs) as secondary defence compounds (Hartmann & Witte 1995), and it 
was expected that PAs will be detected in both the Senecio plants of the katydid’s 
diet, and of the exudate, and that these would be the same PA compounds. 
Secondly, to better understand the synthesis and disposal of these compounds, I 
also analysed the mountain katydid’s reflexive regurgitate and faeces. I predicted 
that the regurgitate, while an anti-predatory defence in most orthopterans, would not 
contain PAs. Finally, I predicted that faecal matter is unlikely to possess PAs, as 
these compounds would most likely be incorporated into the chemical defences of 
sequestering insects, as opposed to being excreted as waste. If PAs are prevalent in 
faecal matter but absent in the exudate, then this would suggest that although 
tolerant to PAs, sequestration is not occurring. Here I discuss the implications of my 
results, and if these predictions were met. 
 
4.1 Are there defensive compounds in the mountain katydid’s exudate? 
Pyrrolizidine alkaloids were present in the mountain katydid’s abdominal 
exudate. The SPME sampling method for the exudate appeared to be a more 
reliable sampling method than the filter paper squares. The exudate from 34 katydids 
were analysed using both sampling methods, from which 24 katydids had PAs 
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present in both methods, and 10 katydids had PAs in the SPME samples, but not the 
filter paper squares. Sampling the exudate twice in this way proved to be beneficial, 
as it demonstrated that some PAs were lost when a sample was run through the 
alkaloid extraction protocol. In addition, it is important to note that the filter paper 
squares represent a chemical profile that has been modified by the extraction 
protocol and does not necessarily represent what a predator would experience when 
encountering the katydid’s exudate. For this reason, filter paper squares are not 
recommended to analyse the exudate in future studies testing the defensive 
functionality of the exudate on potential predators. Compared to filter paper squares, 
which represent a derived chemical analysis of the exudate, the SPME sampling 
method is more direct, analysing the ‘native’, unmodified chemical composition. 
SPME fibres have been utilised in a similar way by Rojas et al (2017), in which 
SPME fibres were used to supplement the analysis of chemical defence samples in 
an aposematic moth. A derivatisation protocol was developed by Rojas et al. (2017) 
to determine the chemical composition of unknown chemical samples, and the 
utilisation of SPME fibres detected the presence of volatiles that would have 
otherwise been lost by the derivatisation reaction. Although there were many 
advantages of sampling by SPME, there were also some key limitations; it was not 
possible to collect solid samples such as plant tissue or faeces, nor was it possible to 
extract alkaloids bound to a fibre. Despite the limitations of the filter paper squares, 
they still proved useful when comparing across different sample types (ie. plant 
tissue, regurgitate and faeces). 
The first study to analyse the exudate of the mountain katydid identified a 
compound known as s-Butyl ß-D-glucopyranoside (Cable & Nocke 1975). This 
compound was assumed to be the active defensive agent in the katydid’s exudate, 
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however Cable and Nocke (1975) speculated that there were likely other defensive 
compounds that they could not identify. While this study could not detect the 
presence of s-Butyl ß-D-glucopyranoside, all exudate samples collected by SPME 
indicated the presence of a large, unidentified peak. This peak was heavily co-
eluted, and thus is likely made up of a collection of various similar compounds – 
however scans of the mass spectra and comparison to the NIST library indicated 
that glucopyranosides were the most likely compounds present. While this does not 
confirm that this large peak includes the compound described by Cable and Nocke 
(1975), it does align with what was expected to be in the exudate. Finally, the 
presence of PAs identified by this study confirms Cable and Nocke’s (1975) 
suspicions that other compounds may be present in the exudate. If either s-Butyl ß-
D-glucopyranoside, or the PAs present in the exudate are to be described to provide 
defensive functionality, this must be tested using taste-aversion experiments on 
potential predators. Until then, the specific function of these compounds, if any, 
cannot be determined definitively. 
While PAs are predominately known for their role in defences – both in the 
plant hosts and in the sequestering insects, there are several known cases where 
these compounds have alternative functions. For example in the moth Utetheisa 
ornatrix, PAs are accumulated during larval stages to be sequestered for chemical 
defence into adulthood (Grant, O’Connell & Eisner 1989). These PAs also serve as 
the precursor molecules for the production of courtship pheromones in males (Grant, 
O’Connell & Eisner 1989). It is entirely possible that the mountain katydid also 
utilises their PAs for more than simply defence – which must be considered when 
hypothesising the apparent function for these compounds. The mating behaviours of 
the mountain katydid are not well known, however there was an intriguing 
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behavioural observation made in the field during sample collection. One male katydid 
was observed to be displaying his abdomen oriented towards a female. After some 
time, the female came over to the male to investigate, and seemingly ‘tasted’ the 
male’s abdomen, before wandering off (Figure 11). One possible scenario is that the 
female was tasting the male’s exudate to test for PA quality before selecting him as a 
mate. Cable and Nocke (1975) did not detect any volatiles from the exudate, so it is 
plausible that a katydid would have to actively taste the exudate to be able to 
perceive it. This is pure conjecture however, and a lot more investigation must be 











Figure 11: A male mountain katydid (bottom) (Acripeza reticulata) displays his 
abdomen to a nearby female (top), who subsequently investigates the male, 
‘tastes’ his abdomen, then wanders off. Photo: Brendan Baker 
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4.2 Comparing the exudate with Senecio samples 
Pyrrolizidine alkaloids were detected in both the flowers and the leaves of the 
Senecio analysed in this study. There was an 18% chance for leaf samples, and a 
32% chance of flower samples containing PAs. While the specific identity of 
individual peaks could not be obtained, it is evident through the chromatogram 
alignment (Figure 6) that the most prolific PA peaks in both the plants and the 
exudate are shared substances between them. There was a marginally non-
significant difference in the types of PAs present, and of their abundance between 
the exudate and the plants. This supports my prediction that sequestration was 
occurring, as we did not see a significantly different cocktail of PA substances in the 
exudate compared that found in the plants. There were significant differences in the 
chance of a PA being present between the exudate and the leaves, but not between 
the exudate and the flowers, nor between the leaves and the flowers. These results 
suggest that the exudate is a more consistent accumulator of PA substances than 
the plant at the time of sampling. 
The amount of PAs present in Senecio plants are not static. In other Senecio 
species, PA concentrations are known to be 10-30 times higher in flowers than in 
other plant tissues (Hartmann 1999). It is also fundamental to note the plants in this 
study were not directly consumed by the katydids. Katydids were only sampled if 
they were stationary on an individual plant for at least ten minutes, which was used 
as a proxy for consumption. All plants containing PAs in this study were identified as 
S. linearifolius, which the mountain katydid is known to actively seek and consume 
(Umbers et al. unpublished data). In addition, mountain katydids are also known to 




4.3 Comparing Exudate with Reflexive Regurgitate 
 Reflexive regurgitation is a common behaviour in many Orthoptera upon 
tactile stimuli (Lymbery & Bailey 1980, Schowalter 2018), a behaviour also exhibited 
by the mountain katydid (Green & Osbourne, 1994). This regurgitation has been 
proposed to possess an anti-predatory defence function (Lymbery & Bailey 1980) 
and has been demonstrated to be an effective predatory deterrence in taste-aversion 
experiments when reared on unpalatable diets (Sword 2001). Despite this, there 
were no PAs detected in any of the regurgitate samples in this study. It is possible 
that PAs are extracted from the crop into the haemolymph as quickly as possible, as 
reduction of PAs leading to bioactivation of the toxin is more likely to occur in the 
digestive enzymes of the crop (Lindigkeit et al. 1997). If this is the case, then it is 
likely that the katydids regurgitate would only be an effective deterrence immediately 
after consuming Senecio, as digestive enzymes alone are likely insufficient to deter 
large predators such as birds (Lymbery & Bailey 1980).  
 
4.4 Comparing Exudate with Faeces 
Overall, there were few faecal samples exhibiting the presence of PAs, with 
the model indicating a 6% chance of PA presence. Compared to the faecal samples, 
the exudate exhibited a significantly different chance of 76% of PA presence. These 
results support my prediction that sequestration is occurring, as toxic compounds are 
being accumulated into an exudate rather than being excreted as a waste. Lindigkeit 
et al. (1997) found that non-sequestering, PA-tolerant insects rapidly and efficiently 
excrete ingested PAs through faecal matter, however sequestering insects retained 
PAs in their haemolymph before being deployed as defences. The few mountain 
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katydids in this study that had PAs in their faeces also had PAs in their exudate. 
These katydids possibly only excreted the PAs due to oversaturating of PAs in the 
haemolymph – however this is speculation as the tolerances and threshold of PA 
accumulation is completely untested in the mountain katydid. 
 
4.5 Future Directions 
 The first and most pressing next step from this study is to identify the various 
PA substances detected in the abdominal exudate of the mountain katydid. One of 
the benefits of using GC-MS over other methods, such as Gas-Chromatography 
Flame Ion Detection (GC-FID), is that unknown compounds can generally be 
identified using the mass spectra of a given peak and finding corresponding matches 
to online libraries, before being confirmed with reference standards. The differences 
in the mass spectra between the different PA compounds detected in this study were 
too miniscule to accurately estimate individual peak identities. In cases such as this, 
identifications are generally estimated using retention indices (RI), in which 
compounds can be predicted by the relative retention time between peaks. The RI 
values for PAs are available for GC-MS analysis conducted on DB-5MS columns 
(Witte et al. 1993), however this study used a HP-5MS column, rendering RI 
comparison untenable. Resolving this issue may be possible by re-analysing the 
same samples run through the extraction protocol using a DB-5MS column, however 







This study has found the presence of compounds very commonly involved in 
chemical defences in the mountain katydid’s exudate. The mountain katydid actively 
seeks Senecio for consumption (Umbers et al. unpublished data) and therefore is 
likely to be tolerant to PAs. The low occurrence of PAs in the faecal samples 
suggests that more than just being tolerant, these PAs are being utilised for a 
function. While this study does suggest that sequestration is occurring, we cannot 
confirm that the mountain katydid itself is chemically defended until conducting taste-
aversion experiments. The individual components of the exudate will need to be 
identified, isolated and extracted before being tested for unpalatability or adverse 
effects in potential predators. Similar experiments have been done extensively to 
study chemical defences, particularly relating to aposematism (Skelhorn & Rowe 
2010; Pentzold et al. 2016). The results of this study do support the notion that the 
mountain katydid, a deimatically defended insect, is also chemically defended and 
therefore not signalling a bluff. If this can be verified with further research, then we 
can definitively state that the mountain katydid’s anti-predator defence does not 
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Pyrrolizidine alkaloid extraction from leaf samples 
Adapted by Brendan Baker 21/02/19 
 
1. Dry-freeze samples for 48 hours in un-capped 15 mL falcon tubes. 
2. Grind dried samples in a mortar and pestle into a fine powder. 
3. Weigh 200mg dried, ground plant material into a clean 10 mL glass tube. 
Record weight accurately.  
4. Add 4ml chloroform and 4ml 1N hydrochloric acid, and mix samples using the 
mechanical rotator for 1 hour.  
5. Centrifuge the samples for 15 minutes at 3,600 rpm 
6. Transfer the upper aqueous phase to a 2nd clean tube using a glass Pasteur 
pipette, taking care not to add any of the chloroform layer. 
7. Repeat the extraction by adding another 2ml 1N hydrochloric acid to the 1st 
tube, and mix on the mechanical rotator for 5-10 minutes. 
8. Centrifuge again, and transfer the aqueous layer to the second culture tube 
9. Add approximately 100mg (doesn’t need to be accurately weighed) of zinc 
dust, and mix with the mechanical rotator for 3 hours to reduce the N-oxides. 
10. Centrifuge, and decant the liquid into a 3rd tube, leaving the pellet behind.  
11. Add 28% ammonium hydroxide dropwise until the sample reaches pH 9-10 
12. Extract the PAs using 4ml chloroform, and mixing for 5 minutes in the 
mechanical rotator.  
13. Centrifuge, and transfer the chloroform (lower) layer into a 4th tube using a 
Pasteur pipette. Take care not to add any of the aqueous phase.  
14. Repeat the extraction using 2ml chloroform, and combine the extracts. 
15. Evaporate to dryness under a stream of nitrogen using the sample 
concentrator at 50°C. 
16. Redissolve in 1 mL chloroform containing 50ppm methyl stearate, vortex 








Figure S1: Example of a typical mass spectra of a peak identified as a PA. Sample scan is 
shown above in red, the closest scan match from the NIST library is shown below in blue. 
The three ions detected in every PA in this study were 94, 120 and 136 – and were used to 
determine if an unknown peak was a PA. 
